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Measurements and modeling of ion energy distributions in high-density,
radio-frequency biased CF 4 discharges
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Models of ion dynamics in radio-frequency~rf! biased, high-density plasma sheaths are needed to
predict ion bombardment energies in plasma simulations. To test these models, we have measured
ion energy distributions~IEDs! in pure CF4 discharges at 1.33 Pa~10 mTorr! in a high-density,
inductively coupled plasma reactor, using a mass spectrometer equipped with an ion energy
analyzer. IEDs of CF3

1, CF2
1, CF1, and F1 ions were measured as a function of bias frequency, bias

amplitude, and inductive source power. Simultaneous measurements by a capacitive probe and a
Faraday cup provide enough information to determine the input parameters of sheath models and
allow direct comparison of calculated and measured IEDs. A rigorous and comprehensive test of one
numerical sheath model was performed. The model, which includes a complete treatment of
time-dependent ion dynamics in the sheath, was found to predict the behavior of measured IEDs to
good accuracy over the entire range of bias frequency, including complicated effects that are
observed when the ion transit time is comparable to the rf bias period.@DOI: 10.1063/1.1467403#
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I. INTRODUCTION

Plasma processes are widely used by industry to dep
and etch films. During plasma processing, substrate wa
exposed to plasmas are bombarded by reactive chemical
cies and energetic ions, resulting in deposition or etch
The energetic ions often play an important role in deposit
processes and they are essential for plasma etching. To
tain optimal results, ion kinetic energies must be carefu
controlled. In nearly all modern plasma reactors, this is
complished by applying radio-frequency~rf! power to the
substrate electrode. This rf substrate bias is designed s
to control the ion bombardment energies, independent of
rf or microwave source that generates and sustains
plasma. Nevertheless, despite the widespread use of rf
and much study, the effects of rf bias on ion energies are
not completely understood. Rigorously validated models t
would yield accurate quantitative predictions for ion ener
distributions~IEDs! are not available.

rf biasing produces a radio-frequency voltage dro
which usually occurs almost entirely across the plas
sheaths, thin regions at the boundary of the plasma,
across the plasma itself. It is also in the sheaths that ions
most of their energy. Thus to predict ion energies require
model for the complicated dynamics of plasma sheaths
low pressures typical of etching plasmas, ion mean free p
are usually larger than the sheath width, so ion collisions
the sheath can often be neglected. Nevertheless, ion dyn
ics in collisionless sheaths have complicated time-depen
and frequency-dependent effects that are not fully und
stood.

Many models of collisionless sheaths1–15 have been de-
rived, but ion energy distributions predicted by the mod
often disagree. Furthermore, they have not been sufficie

a!Electronic mail: sobo@email.nist.gov
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tested by experiment. Although the effects of rf bias on i
energies have been measured in many studies,4,12,14,16–23

these studies typically do not measure all the input para
eters needed by the models, so rigorous comparisons of m
surements to model predictions are usually not possible.
example, ion energies depend strongly on sheath volta
but these are rarely measured. To calculate the sheath w
and sheath electric fields, models also require a value for
electron density or the total ion current density, but the
parameters are also usually left unmeasured.

In contrast, in this study, we performed a rigorous a
comprehensive test of ion energy distributions predicted
one sheath model.1 By combining ion energy measuremen
with capacitive probe measurements of sheath voltages
Faraday cup measurements of ion current density, we c
pletely determined all the input parameters of the mod
allowing us to directly compare model results and measu
ments. The tests were performed in a high-density, ind
tively coupled plasma reactor at a pressure of 1.33 Pa~10
mTorr!, low enough that ion collisions in the sheath can
neglected. Unlike previous studies performed in rare ga
which typically contain a single dominant ion, we choo
CF4, which provides a variety of ionic species of differe
masses. By varying the rf bias amplitude and frequency
well as the inductive source power, we performed a comp
hensive test of model predictions for ion energies, includ
their dependence on sheath voltage, rf bias frequency,
current density, and ion mass.

We describe the experiment in Sec. II and the mode
Sec. III. Model IEDs and measured IEDs are compared
Sec. IV. Peak energies and average energies are also
pared there. In Sec. V the width of model IEDs and measu
IEDs are compared with each other and with previous wo
Section VI summarizes our conclusions.
3
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II. EXPERIMENT

A. Plasma reactor

Experiments were performed in a Gaseous Electron
Conference~GEC! Reference Cell24 ~Fig. 1!, in which the
standard upper electrode was replaced by an inductive, h
density plasma source. The source25 consists of a five-turn,
planar coil with one end grounded and the other end driv
by a 13.56 MHz generator and a matching network. T
power supplied to the coil was measured at the genera
Therefore reported power values include resistive losses
the matching network and the inductive source. An elect
static shield26 was placed below the source, insulated from
by a quartz disk. As in Ref. 27, a quartz ring was suspend
from the inductive source assembly to help confine the hig
density discharge and allow operation in electronegat
gases over a broader range of pressure and power.

The lower electrode assembly consists of an alumin
electrode and a steel ground shield, separated by an alum
insulator. As in Ref. 25, a steel plate of diameter 16.5 cm w
placed on the lower electrode to increase its effective a
and to prevent sputtering of aluminum from the lower ele

FIG. 1. Diagram of the plasma reactor, including~a! a side view of the
electrodes and~b! a top view of the entire chamber.~a! and ~b! show two
different designs for the wire probe.
Downloaded 13 May 2002 to 129.6.144.46. Redistribution subject to AI
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trode onto other cell surfaces. Variable-frequency rf bias w
applied to the lower electrode using a signal generator an
power amplifier.

Gas flowed into the cell through a side port of the rea
tor, shown in Fig. 1~b!, at a flow rate of 14.9mmol/s ~20
sccm!. The gas outlet was another side port on which a pr
sure control valve and turbopump were mounted.

B. Mass spectrometer and Faraday cup

Incorporating an ion energy analyzer and ma
spectrometer into an rf biased electrode is difficult. T
entire instrument must be rf biased, or errors will
introduced.10,20 To avoid these difficulties, we instea
mounted the energy analyzer/mass spectrometer on a
port, as shown in Fig. 1~b!, and grounded its inlet orifice
instead of biasing it. When rf bias is applied to the low
electrode, some rf voltage is developed across the sh
adjacent to the lower electrode, but an additional rf voltag
developed across the ground sheath, i.e., the sheath adj
to the grounded mass spectrometer inlet and other groun
surfaces. Thus we are still able to study rf bias effects, e
though the spectrometer itself is not rf biased.

To sample ions close to the center of the discharge,
extension was attached to the end of the mass spectrom
It protrudes into the gap between the steel plate and
quartz confinement ring to a distance of 46 mm from t
radial center of the reactor, 11 mm inside the inner diame
of the quartz confinement ring. Spot-welded to the end of
extension is a 3.5mm thick nickel foil, with a 10mm diam-
eter hole in it, located 9.5 mm above the steel plate. Ions p
through the hole into a cylindrical, field-free region 10 m
in diameter and 42 mm long, and eventually enter the
energy analyzer and mass spectrometer, which have b
described previously.28 The resolution of the energy analyze
@full width at half maximum~FWHM!# was 1 eV, and the
uncertainty in its energy scale is estimated to be61 eV. Ion
intensities were adjusted to account for previously measu
variations in ion transmission as a function of ion mass28

After such adjustments, the ion transmission is estimate
be uniform to 20% over the range of ion masses and
energies studied here.

To calibrate the ion fluxes measured by the mass sp
trometer, we used a Faraday cup mounted on another
port, next to the mass spectrometer. The 1.59 mm diam
aperture at the inlet of the Faraday cup was positioned at
same radius and height as the mass spectrometer orifice
dc current measured when the cup was dc biased at220 V
was divided by the area of the aperture to obtain the total
current density. This value was then used to normalize
relative ion fluxes measured by the mass spectrometer.

C. Capacitive probe

The time-dependent potential in the plasma was m
sured with a wire probe. We tried two different designs: o
consisted of platinum wire coiled into two loops, as shown
Fig. 1~a!, the other consisted of steel wire coiled into tw
spirals, as shown in Fig. 1~b!. Both were designed to provid
a large area of contact with the intense plasma that fills
region inside the quartz confinement ring. Both were s
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ported by an electrical feedthrough, a support wire, and c
nectors described previously.29 The platinum wire was less
able to withstand plasma exposure; it gradually grew thinn
presumably by sublimation. The looping of the platinu
wire made this problem worse, since the loops allow curre
induced by the plasma source to circulate, causing additio
heating of the wire. The spiral design is preferred, sinc
contains no closed loops.

An oscilloscope voltage probe was mounted on the w
probe’s electrical feedthrough, outside the vacuum cham
The oscilloscope digitized the probe signal and transfer
the data to a computer, which digitally filtered the sign
and extracted the magnitudes and phases of significant
rier components. In low-density discharges, further analy
is required to account for the rf voltage drop across
sheath that surrounds the wire probe.29,30 Here, however, as
in previous studies of high-density discharges,16,31 the rf
voltage across the wire sheath was shown to be neglig
On the other hand, the dc voltage across the wire she
Vbxf , is not negligible, and must be accounted for. As in R
16, we determinedVbxf from ion energy and wire probe mea
surements made with no rf bias applied. AddingVbxf to the
filtered voltage signal, we obtain the complete tim
dependent plasma potential,Vb(t), which can also be con
sidered the voltage drop across the sheath in front of
grounded mass spectrometer inlet orifice. Changes inVbxf

during the experiments, due to changes in surface condit
or electron temperature, contribute a dc uncertainty inVb(t),
which, for the results presented here, is estimated to be61
V.

III. SHEATH MODEL

A. Model equations

To calculate ion energy distributions we use the sa
sheath model described in Ref. 1, except for two chang
First, we are now simulating the sheath in front of t
grounded mass spectrometer inlet, not the sheath at th
biased electrode. The coordinatex now indicates the position
along the axis perpendicular to the grounded surface.
axis extends fromx0 to xge, wherexge is the position of the
grounded surface andx0 is an arbitrary position on the
plasma side of the sheath. For simplicity, we assume tha
inlet orifice is small enough that it does not significan
perturb the sheath electric field or the ion trajectories. Giv
this assumption, a one-dimensional model is sufficient,
no other position coordinates are needed.

Second, we now allow more than one species of ion
the sheath. The total number of ionic species isN, and the
mass of theith species is denotedmi . Each species has
single, positive ionic charge,e. Negative ions need not b
considered, since they are repelled by the sheath ele
field. They remain in the plasma and do not enter the she

The density and mean velocity of theith ionic species,
ni(x,t) andui(x,t), vary with positionx and timet according
to the fluid equations. At sufficiently low pressures we m
ignore ion collisions and ionization within the sheath a
write the fluid equations as

]ui /]t1ui]ui /]x5eE/mi , ~1!
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]~niui !/]x52]ni /]t, ~2!

whereE(x,t) is the electric field. The field, and the electr
static potentialV(x,t), are related to the total charge dens
by Gauss’s law and Poisson’s equation:

2]V2/]x25]E/]x5e~n12ne!/«0 , ~3!

where n1(x,t) is the total density of allN ionic species,
ne(x,t) is the electron density, and«0 is the permittivity of
vacuum. Voltages are referenced to the grounded surf
i.e., V(xge)[0.

We simplify Eq. ~3! using the oscillating step
approximation,32,33 which assumes that the electron dens
profile has a step-like drop at a time-varying positionW(t).
On the plasma side of the stepne'n1 ; on the sheath side
ne!n1 . Therefore Eq.~3! becomes

2
]2V

]x2 5
]E

]x
5H 0, x,W~ t !

en1 /«0 , x>W~ t !.
~4!

Using this approach, one avoids having to perform an in
ficient, iterative solution for the electron density.

For boundary conditions atx5x0, i.e., at the interface
between the plasma and the sheath, we use the followin

E~x0!50, ~5!

V~x0 ,t !5Vb~ t !22kTe /e, ~6!

~1/2!miui
2~x0!52kTe , ~7!

and

ni~x0!5Ji /@eui~x0!#, ~8!

whereVb(t) is the voltage in the center of the plasma,k is
Boltzmann’s constant,Te is the electron temperature, andJi

is the current density of theith ionic species, time-average
over one rf cycle. These boundary conditions are chosen
that, for a dc sheath, the step model gives values ofE, V, ui ,
and ni at the grounded electrode that agree with Bohm
theory,34 after adapting it to account for multiple ioni
species.35 The unexpected factors of 2 in the right-hand si
of Eqs.~6! and~7! arise because we match the Bohm theo
at the electrode, not at the plasma/sheath boundary. For m
discussion, see Refs. 1 and 36.

B. Model input parameters

The sheath model requires a value for the massmi and
the time-averaged current densityJi of each ionic species
Only the four or five most prevalent ions identified in io
mass scans~Fig. 2! were included. Additional ions, which
contributed a few percent or less of the total ion flux, we
neglected. To obtain values forJi , we first determined rela-
tive current densities by integrating ion energy distributio
measured with no rf bias. Then these relative densities w
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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scaled so that their sum was equal to the total ion cur
density measured by the Faraday cup. At 200 W induc
source power, the resulting values forJi were 0.50, 0.34,
0.30, and 0.14 mA/cm2 for ion masses of 69, 50, 31, and 1
amu, respectively. At 300 W,Ji was 0.92, 0.46, 0.35, 0.30
and 0.28 mA/cm2 for mi569, 50, 31, 28, and 19 amu, re
spectively.

The model also requires the plasma potentialVb(t),
which was determined by the capacitive probe measurem
described in Sec. II C, and the electron temperatureTe . For
Te , we used a value of 4.58 eV measured by Singh
Graves37 in a high-density, inductively coupled discharge
pure CF4 at 1.33 Pa~10 mTorr!. Under the same condition
in an inductively coupled GEC cell, similar values ofTe

were measured.38

C. Solving the model

Equations~1!, ~2!, and~4! were solved numerically on a
spatial grid of 200 points, covering a distance of 0.5–
mm. Depending on rf bias frequency, we used 2500–10
time steps, covering a total time of 1.2–10 rf bias perio
with 1000–4000 time steps per rf bias period. The solut
proceeds as follows. At each time step,W(t) is determined
by numerically integrating Eq.~4!, starting at the surface o
the grounded electrode, until the appropriate value is
tained for the voltage drop across the sheath. OnceW(t) is
known, the electric field is calculated from Eq.~4!. Then ion
velocities and densities are updated using Eqs.~1! and ~2!.

FIG. 2. Ion mass scans for discharges in CF4 at 1.33 Pa~10 mTorr!, no rf
bias, and inductive source powers of~a! 200 W and~b! 300 W. The identify
of the four or five most prevalent species are indicated. The mass 28 pe
~b!, either Si1 or CO1, presumably results from etching of the quartz wi
dow under the inductive plasma source. The window was exposed in~b!, but
in ~a! was covered by a layer of material that had been sputtered off of o
surfaces.
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Finally, we update the histograms that record the kinetic
ergy distributions of ions arriving at the grounded surface

At the first time step, the ion densities and velocities a
assumed, quite unrealistically, to be constant in space,
they rapidly converge on a realistic, periodic solution afte
number of time steps comparable to the time it takes ion
cross the sheath. Contributions to the ion kinetic energy
tributions are only recorded during the final rf cycle of th
simulation. They are not recorded during the time that
simulation is converging.

D. Broadening effects

Two effects that cause broadening in measured IEDs
not included in the model, but are accounted for afterwa
by operating on the IEDs output by the model. These t
effects can be quantified by considering IEDs measured
zero rf bias. As shown in Fig. 3~a!, such IEDs have a shap
that is nearly Gaussian, with a FWHM of 3.4 eV. Part of th
width is contributed by an instrumental broadening of 1
inherent in the ion energy analyzer. The remainder is due
the residual capacitive coupling of the inductive plasm
source. Even when the electrostatic shield is present,
source still induces a small oscillation in the plasma poten
at 13.56 MHz and its harmonics, as shown in Fig. 3~b!. Be-
cause of this oscillation, ions collected at different times w
have slightly different energies, resulting in a broadening
the energy distributions.

We account for the broadening effects as follows. Befo
the plasma potential wave forms measured by the capac
probe are input into the model, they are digitally filtered
remove Fourier components at 13.56 MHz and its harm
ics, as shown in Fig. 4~b!. Then, the IEDs output by the
model are convolved with a Gaussian function~with a
FWHM of 3.4 eV! which accounts for both broadening e
fects simultaneously. The effect of the convolution is illu
trated in Fig. 4~a!. Before the convolution, the IED has ver
sharp peaks. The apparent intensities of such peaks so
times depend sensitively on the bin size used in the mo

in

er

FIG. 3. ~a! Measured ion energy distributions and~b! sheath voltage for a
1.33 Pa~10 mTorr! CF4 discharge at 200 W inductive source power and
rf bias.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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calculation. The convolution removes any bin size effe
and results in IEDs with peaks whose intensity can be m
easily compared to measurements.

Alternatively, one could input the unfiltered plasma p
tential wave forms into the model and do a convolution t
only accounts for the instrumental broadening. Such an
proach is, however, much less convenient. Unless 13
MHz is an exact multiple of the rf bias frequency, the unfi
tered wave forms will not have a periodicity equal to one
bias period. Instead, they will repeat themselves only afte
much longer time period lasting many rf cycles. Performi
simulations over such a long time period is inefficient a
unnecessary.

IV. ION ENERGY DISTRIBUTIONS

Measured ion energy distributions at 200 W inducti
source power are compared to model IEDs in Figs. 5
Each figure shows results for a different rf bias frequen
and several different settings of the rf bias amplitude,
indicated by the values given forVpp, the peak-to-peak volt-
age across the ground sheath. Each subfigure shows
from four different ionic species: CF3

1, CF2
1, CF1, and F1, in

order of decreasing intensity. Data within each subfigure
plotted on the same vertical scale, but to make all the IE
clearly visible it was necessary to vary the vertical scale fr
one subfigure to another.

A. Low bias frequency

Figure 5 shows results for the lowest rf bias frequen
100 kHz. Measured IEDs are shown in Figs. 5~a!–5~d!;
model IEDs are shown in Figs. 5~e!–5~h!. All of them show
a double-peaked structure, unlike the single peaks obse
at zero rf bias@Fig. 3~a!#. As the rf bias amplitude and th
peak-to-peak ground sheath voltage increase, the positio
the higher energy peak shifts upward in energy, but the lo
energy peak hardly shifts at all. The energies of the peak

FIG. 4. ~a! Model ion energy distribution before~fine line! and after~bold
line! convolving the distribution with a Gaussian broadening function.~b!
Corresponding sheath voltage wave form as measured~fine line! and after
digital filtering ~bold line!. Results are for CF3

1, at 200 W inductive source
power, and 1 MHz rf bias.
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the model IEDs and measured IEDs are in good agreem
For the measurements as well as the model results, the
energies vary little from one ion to another.

To enable closer comparisons, the energy of the h
energy peak,Ehigh, and the energy of the low energy pea
Elow , are plotted in Fig. 8~a!. Measured values are plotte
using symbols; model values are plotted with dotted lines.
100 kHz, Ehigh and Elow do not depend on ion mass, s
measured values for different ions fall on top of one anoth
and model values for different ions fall on the same dot
curve. The model values agree with the measurements.

At 100 kHz, there is a close correlation between the
energy distributions and the sheath voltage. To see this,
minimum and maximum values of the sheath voltage,Vmin

and Vmax, have been converted to energies~eVmin and
eVmax! and plotted as solid lines in Fig. 8~a!. For both the
measurements and the model results,Ehigh'eVmax, and
Elow'eVmin . This agreement between ion energies a
sheath voltages is a well-known property of rf sheaths at
frequencies. If the rf bias frequency is low enough, the
bias period will be long compared to the time it takes ions
cross the sheath, and ions can be considered to cross
sheath instantaneously. Thus a singly charged ion crossin
time t0, when the voltage across the sheath isVgs(t0), arrives

FIG. 5. ~a!–~d! Measured and~e!–~h! model ion energy distributions for a
bias frequency of 100 kHz and varying bias amplitudes, indicated by va
of Vpp , the peak-to-peak voltage across the ground sheath. Within e
subfigure, distributions for CF3

1, CF2
1, CF1, and F1 are plotted on a single,

arbitrary vertical scale. The distribution with greatest intensity is alwa
CF3

1, followed in order by CF2
1, CF1, and F1. The inductive source powe

is 200 W.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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at the electrode with an energy of exactlyeVgs(t0). The
minimum and maximum ion energies should~in the absence
of any broadening effects! exactly equaleVmin and eVmax.
Similarly, the average~mean! ion energy,E0, should equal
eV0, whereV0 is the time-averaged sheath voltage. Plots
E0 andeV0 in Fig. 9~a! indeed show thatE0'eV0 for both
measured and model values ofE0.

At low bias frequencies, the shape of the ion ene
distributions depends solely on the shape of the sheath
age wave form. Measured sheath voltage wave forms
quite flat near their minimum or maximum. Therefore io
arriving at the electrode for some time before or after
exact minimum or maximum will have energies close
eVmin or eVmax. Such ions contribute to the two peaks, o
at each end of the distribution. Because the sheath vol
sweeps through intermediate voltages much more rapidly
intensity of the IED is much lower between the peaks.

In each model IED in Figs. 5~e!–5~h!, the amplitude of
the lower-energy peak is higher than that of the high
energy peak. This effect too can be explained by conside
the shape of the sheath voltage wave form. Measured sh
voltage wave forms are flatter for a longer time nearVmin

compared toVmax.
31 Therefore more ions arrive at the ele

trode with energies neareVmin than neareVmax, resulting in

FIG. 6. ~a!–~d! Measured and~e!–~h! model ion energy distribution for a
bias frequency of 6 MHz and varying bias amplitudes, indicated by va
of Vpp , the peak-to-peak voltage across the ground sheath. Within
subfigure, distributions for CF3

1, CF2
1, CF1, and F1 ~in order of decreasing

intensity! are plotted on a single, arbitrary vertical scale. The induct
source power is 200 W.
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a more intense lower-energy peak. For the measured IED
Figs. 5~a!–5~d!, the low energy peaks are more intense th
the high energy peaks, but to a lesser degree than that
dicted by the model. This disagreement could be caused
the ion energy analyzer discriminating against low ene
ions or in favor of high-energy ions. Comparisons indica
that any such discrimination is smaller for the present
energy analyzer than that used in previous work,16 but dis-
crimination effects may still be present. Measurements
average ion energies are also affected by discrimination
fects, but measured peak energies are rather insensitive

B. Medium bias frequency

Ion energy distributions obtained at a bias frequency o
MHz are shown in Fig. 6. Measured IEDS@Figs. 6~a!–6~d!#
and model IEDS@Figs. 6~e!–6~h!# are shown for four differ-
ent values ofVpp, the peak-to-peak sheath voltage. As in F
5, each IED shows a pair of peaks. Unlike Fig. 5, the lo
energy peak in Fig. 6 shifts to higher energies for increas
Vpp. The shift is greater for heavier ions. The position of t
high-energy peak also depends on ion mass, with hea
ions being shifted to lower energies. These shifts are
served in the model results as well as the measurements
all the ions, and all values ofVpp, model predictions for the
peak energies agree with measured values.

Figure 8~b! plots 6 MHz results for the positions of th
two peaks,Ehigh andElow , and the energieseVmin andeVmax

that correspond to the minimum and maximum sheath v
ages. The plots ofeVmin and eVmax are very similar to that
seen at 100 kHz, in Fig. 8~a!, but the plots ofEhigh andElow

are not. Instead of observingElow'eVmin and Ehigh

s
ch

FIG. 7. ~a!–~c! Measured and~d!–~f! model ion energy distributions for a
bias frequency of 30 MHz and varying bias amplitudes, indicated by va
of Vpp , the peak-to-peak voltage across the ground sheath. Within e
subfigure, distributions for CF3

1, CF2
1, CF1, and F1 ~in order of decreasing

intensity! are plotted on a single arbitrary vertical scale. The induct
source power is 200 W.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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'eVmax, we instead see thatEhigh is shifted significantly
down from eVmax and Elow is shifted up fromeVmin . The
shifts are greater for heavier ions. When the bias frequenc
increased from 6 to 10 MHz, in Fig. 8~c!, Ehigh is shifted
further down fromeVmax andElow is shifted further up from
eVmin . In both Figs. 8~b! and 8~c!, model values forEhigh

andElow for different ions, plotted by dotted lines, fall in th
same order as the measured values, with lighter ions ha
higher values ofEhigh and lower values ofElow . For all con-
ditions, model values ofEhigh andElow agree with the mea
surements.

At 6 and 10 MHz, the rf bias period~167 or 100 ns! is
comparable to the time that it takes ions to cross the sh
~50–130 ns!. Consequently, ions can no longer be conside
to cross the sheath instantaneously, absorbing an energ
termined by the instantaneous sheath voltage. Instead,
absorb an energy given by an average value of the sh
voltage, averaged over the time during which they are cro
ing the sheath. This averaging causes an increase in the m
mum ion energy and a decrease in the maximum ion ene
These effects are larger for heavier ions because they

FIG. 8. Measured~symbols! and model~dotted curves! values ofEhigh and
Elow , the energies of the two peaks in the ion energy distributions, fo
bias at ~a! 100 kHz, ~b! 6.0 MHz, and~c! 10 MHz. Also plotted~solid
curves! are the energieseVmin and eVmax, where Vmin and Vmax are the
minimum and maximum values of the sheath voltage. In~a! model values
for all four ions are the same, so only one dotted curve is visible.
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longer transit times, and are thus subjected to more ave
ing.

Comparison of the peak heights in Figs. 5 and 6 sho
an increase in the height of the higher energy peak when
rf bias frequency is increased from 100 kHz to 6 MHz.
100 kHz ~Fig. 5! the height of the high energy peak, fo
measured as well as calculated IEDs, is always less than
of the lower energy peak. In contrast, at 6 MHz~Fig. 6! the
height of the high energy peak is often higher than that of
low energy peak, especially for CF3

1 distributions at high
Vpp. For lighter ions or lower sheath voltages, the height
the high energy peak is less than that of the low energy pe
but it is nevertheless a greater fraction of the height of
low energy peak than it was at 100 kHz. All IEDs, measur
as well as calculated, show this increase in the relative he
of the high energy peak.

The changes in peak heights in Figs. 5 and 6 are rela
to a time-variation in the current and flux of ions during t
rf cycle, which occurs whenever the rf bias period becom
comparable to ion transit times.1–3 During the portion of the
rf cycle when the sheath voltage is increasing, each ion
tering the sheath is accelerated slightly faster than the
that preceded it. Ions ‘‘gain on’’ their predecessors, result
in a relatively high flux of high energy ions arriving at th
electrode near the time that the sheath voltage is maximi
In contrast, when the sheath voltage is decreasing,
crossing the sheath lag behind their predecessors, resulti
an interval, occurring near the time when the sheath volt
is minimized, during which relatively few ions arrive at th
electrode. Consequently there are more higher energy ion
contribute to the higher energy peak and fewer low ene

f

FIG. 9. Measured~symbols! and model~dotted curves! values ofE0, the
average ion energy, for rf bias at~a! 100 kHz,~b! 6.0 MHz,~c! 10 MHz, and
~d! 30 MHz. Also plotted~solid curves! is eV0, whereV0 is the average
vlaue of the sheath voltage. In~a! and~d! model values for all four ions are
the same, so only one dotted curve is visible.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ions to contribute to the low energy peak than there would
if ions crossed the sheath instantaneously.

The increase in the relative intensity of the high-ene
peak is accompanied by an increase in the average ion
ergy, E0. If the flux of each ionic species were constant
time, each would have an average energy equal toeV0,
whereV0 is the time-averaged sheath voltage. In Figs. 9~b!
and 9~c!, however, measurements~symbols! and model val-
ues~dotted lines! of E0 are higher thaneV0 ~solid line!, by
as much as 12%–16%.

The increase in average ion energy implies an increas
the power absorbed by ions. The oscillation of ion curre
because it is in phase with the sheath voltage,1 allows ions to
absorb more power than they would if their flux were co
stant in time. Evidence for this increased power absorp
has been found in previous studies of high-density ar
discharges.9,31,39 At frequencies of 10 or 13.56 MHz, mea
sured rf bias powers were as much as 40% higher than
power predicted by models that assume constant ion fl
Energy conservation therefore requires that the average
energy in such discharges be 40% higher thaneV0. However,
such large increases in power and average ion energy
only observed at high sheath voltages typical of the shea
the rf biased electrode. At lower voltages, comparable to
ground sheath voltages in Figs. 9~b! and 9~c!, the increase in
ion power and average ion energy was smaller, 20%
less,39 which is comparable to the increase seen in Figs. 9~b!
and 9~c!.

One exception to the generally very good agreement
tween measurements and model results is seen at the lo
sheath voltage,Vpp519 V in Fig. 6. In the measured IEDs i
Fig. 6~a!, the low energy peaks have a larger amplitude th
the high energy peaks, but in the CF3

1 and CF2
1 model IEDs

in Fig. 6~e!, the high energy peaks are larger than the l
energy peaks. This discrepancy may result from the mod
simplified treatment of the electron profile and the preshe
boundary in Eqs.~4!–~8!, which works better at highe
sheath voltages. Further measurements and modelin
IEDs at low sheath voltages could help to resolve this d
crepancy and perhaps improve the model. Low sheath v
ages are relatively uninteresting from a practical point
view, however, since actual plasma etching processes req
higher voltages,;50 V or more, to produce the needed e
ergetic ions.

C. High bias frequency

Ion energy distributions obtained at a bias frequency
30 MHz are shown in Fig. 7. Measured IEDs@Figs. 7~a!–
7~c!# and model IEDs@Figs. 7~d!–7~f!# are shown for three
different values ofVpp, the peak-to-peak sheath voltage. T
narrowing of the IEDs observed when going from 100 k
to 6 MHz ~Figs. 5 and 6! continues further when the fre
quency is increased to 30 MHz. Indeed, at the lower volta
in Fig. 7, the IEDs have narrowed so much that the t
peaks can no longer be distinguished. At the largest volta
Vpp532 V, the two peaks are just beginning to be resolv
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The model IEDs appear slightly less broad than the meas
IEDs, but there is nevertheless good agreement in the p
positions.

The results in Fig. 7 indicate that, at 30 MHz, the she
is entering the high-frequency regime, where the time
takes ions to cross the sheath is much longer than the rf
period. Therefore the effects of rf electric fields on ion m
tion are nearly entirely averaged out. Ions can be conside
to only follow the dc electric fields. Thus, all ions, regardle
of the time that they enter the sheath, absorb an energy e
to eV0, whereV0 is the dc voltage across the sheath. Inde
in all cases in Fig. 7 the centers of the IEDs appear clos
eV0, which is 20, 24, and 30 V forVpp equal to 9, 18, and 32
V, respectively. Plots of average ion energy in Fig. 9~d! are
similarly in good agreement witheV0. Strictly speaking,
even at 30 MHz the effect of the rf fields is not totally ave
aged out. The breadth of some of the IEDs, particularly
F1 IEDs in Figs. 7~c! and 7~f!, indicates that the rf bias
voltage is still having an effect on the ion energy.

The range of peak-to-peak sheath voltage,Vpp, in Fig. 7
is rather limited. We were not able to perform measureme
at values ofVpp greater than 32 V, because, at 30 MHz~and
other high frequencies! nearly all of the rf bias voltage is
dropped across the sheath at the biased electrode, and o
small fraction is dropped across the ground sheath. At h
frequencies the sheaths have a capacitive impedance tha
pends very sensitively on electrode area.16 The reactor has
more grounded area than powered area, so the ground sh
impedance is much smaller than the powered sheath im
ance. Therefore the ground sheath voltage is only a sm
fraction of the total rf bias voltage. At lower frequencie
however, the sheaths have a resistive impedance that dep
less strongly on electrode area,16 and a larger fraction of the
voltage is dropped across the ground sheath. Thus, at 6 M
peak-to-peak ground sheath voltages up to 63 V could
obtained, and at 100 kHz,Vpp higher than 100 V could be
obtained.

The inability to obtain high ground sheath voltages at
MHz is not a very serious limitation of our model validatio
because at 30 MHz the sheath model predicts relativ
simple and uninteresting IEDs. More serious is the inabi
to obtain voltagesVpp.63 V at 6 MHz. At 6 MHz, the model
predicts complicated, time-dependent ion dynamics effect
high voltages, e.g., large increases inE0 over eV0, that we
would like to validate. To perform such validations wou
require ion energy measurements at the rf biased electr
or a different plasma reactor with a more symmetrical ra
of biased area to grounded area.

V. WIDTH OF ENERGY DISTRIBUTIONS

The energy spread or width of an ion energy distributi
is a particularly important parameter that has been stud
extensively in previous experimental4,14,16–19,21–23 and
modeling4,6,9,13–15work. Several different definitions for the
width have been used. Here, we define the width to be
separation between the two peaks,

DE5Ehigh2Elow . ~9!
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ta

nt

r

s
r

co
T

-

w
re

ed
rf

t.

c
a
is

.
of

en
re-

c-
sity
th is
ing
m-
ds,
in-

dc,

nt
ed

nd

e

a
re-

e,

.

W

a-
ion

fun

6311J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Sobolewski, Wang, and Goyette
For conditions where only a single peak is observed,DE is
defined to be zero.

A. Results

The qualitative behavior ofDE can be determined from
the behavior ofEhigh andElow in Fig. 8. Examination of the
data shows thatDE varies roughly linearly withVpp, the
peak-to-peak amplitude of the sheath voltage. At cons
Vpp, DE declines as the rf bias frequency is increased.

The frequency dependence ofDE is shown in detail in
Fig. 10~a!. All the values ofDE shown there are at a consta
peak-to-peak sheath voltage,Vpp535 V, obtained by interpo-
lating or extrapolatingDE values from nearby voltages. Fo
each of the four ionic species, measured values ofDE, plot-
ted as symbols, show a similar decline inDE with frequency.
Model values ofDE for the same four ions are plotted a
dotted curves, which fall in the same order as the measu
points and track them rather closely. Nevertheless, some
sistent deviations from the measurements are seen.
model tends to overestimateDE at 1–3 MHz and underesti
mate it at 20–30 MHz.

We also studied the dependence ofDE on inductive
source power. In general, changes in inductive source po
have two effects on ion energy distributions. First, as in p
vious studies of argon discharges,16,25,40increasing the induc-
tive source power increases the plasma potential measur
zero rf bias by about 1 V.25 Ion energies measured at zero
bias are therefore shifted up by about 1 eV.40 IEDs measured
with rf bias applied are also shifted up by the same amoun16

This effect tends to shift the positions of both peaks,Ehigh

andElow , by the same amount, so there is little or no effe
on DE. Second, for higher inductive source powers, the n
rowing of DE occurs at higher frequencies. This effect

FIG. 10. Measured~symbols! and model~dotted curves! values ofDE, the
separation between the two peaks in the ion energy distributions, as a
tion of rf bias frequency at an inductive source power of~a! 200 W and~b!
300 W, for a constant peak-to-peak sheath voltage,Vpp535 V.
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visible in Fig. 10~b!, which shows a plot similar to Fig
10~a!, but at an inductive source power of 300 W, instead
200 W. The shape of theDE vs frequency plots in Figs. 10~a!
and 10~b! are nearly identical. The only difference betwe
them is that the latter are shifted horizontally to higher f
quencies. To obtain the same value ofDE, a higher fre-
quency is required at 300 W than at 200 W. At higher indu
tive power, the plasma density and total ion current den
are higher, and, for a constant sheath voltage, the shea
thinner, and ion transit times are shorter. Thus the narrow
of DE, which depends on the rf bias period becoming co
parable to the ion transit time, is shifted to shorter rf perio
i.e., higher rf frequencies, when the inductive power is
creased. This effect, noted in previous modeling studies,11,13

is analyzed quantitatively in the next section.

B. Analysis

Here, we calculate ion transit times using a simple,
Child–Langmuir sheath model, as in previous work.6,16 In
such models, the density of any ionic species is given by

ni5~Ji /e!@mi /~2eV!#1/2, ~10!

wheremi and Ji are its mass and its time-averaged curre
density, andV is the electrostatic potential, here measur
with respect to the plasma. The total ion density,n1 , is
obtained by summing over all ionic species

n15(
i 51

N
Ji

e S mi

2eVD 1/2

5
J1

e S m*

2eVD 1/2

, ~11!

whereJ1 is the total time-averaged ion current density a
m* is an average ion mass defined by

~m* !1/2J15(
i 51

N

mi
1/2Ji . ~12!

Solving Eq.~11! and Poisson’s equation simultaneously, w
obtain the relation between potentialV and positionx:

x52/3~2e/m* !1/4~«0 /J1!1/2V3/4. ~13!

This result is the same as the Child–Langmuir law for
single ionic species except that the single ion mass is
placed bym* . Following previous derivations,6,16 ion transit
times are then derived from Eq.~13!. We obtain the transit
time of theith ion, t i , as

t i52@V/~2em* !#1/4~mi«0 /J1!1/2. ~14!

For the voltageV we insert the peak-to-peak sheath voltag
Vpp, and then take the ratio oft i to the rf bias period,T
51/f , wheref is the rf bias frequency, to obtain

t i /T52@Vpp/~2em* !#1/4~mi«0 /J1!1/2f . ~15!

The parametert i /T is proportional tof, but is dimensionless
It defines a normalized, dimensionless frequency scale.

In Fig. 11~a!, the DE data from Fig. 10 are plotted
againstt i /T. Plotted in the figure are all the values at 200
from Fig. 10~a! and all the values at 300 W from Fig. 10~b!.
Also plotted is a fifth ion of mass 28 amu which was me
sured at 300 W and was included in the 300 W simulat
but was not shown in Fig. 10~b! for the sake of clarity. When

c-
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plotted versust i /T, the measured values ofDE fall onto a
single curve. The model values ofDE also fall onto a single
curve, which is slightly different from the measured curv
Each curve has a vertical width comparable to the61 eV
uncertainties of the measured and model values. Both cu
are smooth. The gaps between data seen in Fig. 10 are n
all filled in, except for one gap in an uninteresting regi
near t i /T50.02. With the gaps filled, one can see mo
clearly how the model tends to overestimateDE in the
middle of the plot, att i /T'0.2, and underestimateDE at
higher values, neart i /T'2.

The collapse ofDE onto a single curve indicates tha
DE depends only on the ratiot i /T, not on the individual
variables likemi and J1 that make upt i /T. Furthermore,
according to Eq.~15!, changes inmi andJ1 only affectt i /T
by causing a multiplicative shift in the frequency scale. Th
plots ofDE vs log frequency for different ion masses shou
all have the same shape and be shifted horizontally by
amount that varies according tomi

21/2, as can be verified by
examining the original data in Fig. 10. Similarly, if the on
effect of changing the source power is a change inJ1 , then
values for DE at different powers should have the sam
shape but be displaced horizontally by an amount that va
as J1

1/2. This too can be verified by comparing the origin
data in Fig. 10~a!, whereJ151.3 mA/cm2, to Fig. 10~b!,
whereJ152.3 mA/cm2.

In a previous experiment,12 DE versus frequency curve
of different ions were shifted by an amount proportional
the inversefourth root of ion mass. There is no contradictio
however, since that study did not compare different ions
the same discharge, but instead compared ions in diffe
gases~at constantJ1!. The rare gases used in that study ea

FIG. 11. ~a! Measured~symbols! and model~dotted curves! values of the
peak separation,DE, from Fig. 9 plotted as a function oft i /T, the ratio of
the ion transit time to the rf bias period.~b! The same measurements in~a!
compared to three analytic models.
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have a single dominant ion whose mass can also be con
ered the average ion mass,m* . Thus the (1/m* )1/4 andmi

1/2

dependences in Eq.~15! combine to give a fourth root de
pendence on mass, and theDE curves are shifted by the
inverse fourth root of mass.

The shifts seen in Fig. 10 can also be explained by c
sidering ion plasma frequencies, instead of ion transit tim
Using Eq.~11!, the plasma frequency of theith ion is

v i5~n1e2/mi«0!1/25~J1 /mi«0!1/2~em* /2V!1/4. ~16!

We evaluatev i at the Bohm point,xB , where V(xB)
50.5kTe /e[VB , k is Boltzmann’s constant andTe is the
electron temperature. Then we usev i(xB) to define another
normalized, dimensionless frequency scale,

v/v i~xB!52p~2VB /em* !1/4~mi«0 /J1!1/2f , ~17!

where v52p f is the angular frequency. Comparing Eq
~15! and ~17!, we see thatv/v i(xB) has the same depen
dence onm* , mi , andJ1 ast i /T. Indeed, for constant volt-
age,v/v i(xB) and t i /T are the same except for a consta
multiplicative factor. Here,v/v i(xB)52.25t i /T. Thus all
the arguments based ont i /T also follow from analysis of
v/v i(xB).

C. Discussion

Several previous studies4,13,16,21present plots similar to
Fig. 11~a!. In one,13 the widths of calculated IEDs are plotte
versust i /T. The resulting curve is very similar in shape
that in Fig. 11~a!. The position of the curves also agree:
Ref. 13, as in Fig. 11~a!, the point of steepest slope occurs
t i /T'1. In Ref. 4, the peak separationDE was plotted ver-
susvt i , again yielding a curve with a shape similar to Fi
11~a!. The point of steepest slope, observed atvt i'2p, also
agrees. In one experimental study,16 a plot of measured val-
ues of DE versust i /T has a similar slope to that of Fig
11~a!, but its position is shifted horizontally. Presumab
those data are shifted because the ion current density,J1 ,
was not measured in that study. Instead, only a rough e
mate for J1 , based on measurements made in anot
plasma reactor, was used. In another experiment,21 Langmuir
probe measurements of electron density were used to de
ion transit times to generate a plot of measured IED wi
versus (T/t i)

2. That plot appears to disagree with Fig. 11~a!,
but it is hard to say for sure, since the equations that defint i

in that study were not completely specified. A subsequ
analysis13 of those data shows them to be in agreement.

Several models are simple enough to predict an anal
relation betweenDE and t i /T. In Fig. 11~b!, we compare
these analytic relations to the data from Fig. 11~a!. Simplest
of all are low frequency models, which predict a consta
DE,

DE5eVpp, ~18!

which is plotted as the horizontal dotted line in Fig. 11~b!.
This equation is fairly accurate fort i /T below about 0.1.
There, measured values ofDE are seen to be rather indepe
dent of t i /T. At t i /T.0.1, however, measuredDE values
rapidly fall away from Eq.~18!. The ranget i /T,0.1 where
Eq. ~18! is valid roughly corresponds to frequenciesf ,1
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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MHz. This range is comparable to the ranges where lo
frequency behavior was observed in previous experimen
low-density22 and high-density16 argon discharges.

Even at the lowest values oft i /T in Fig. 11~b!, the mea-
surements fall about 2 eV below Eq.~18!, because Eq.~18!
does not account for broadening effects. IEDs predicted
models usually fall vertically to zero at their minimum an
maximum energies, as shown in Fig. 4~a!, producing peaks
with a very asymmetric, triangular shape. When these as
metric peaks are broadened, the maxima are shifted inw
@again, see Fig. 4~a!# resulting in a decrease inDE.

A second analytic equation forDE, derived for high rf
bias frequencies, has been reported in several papers.6,14,15

Assuming a sinusoidal sheath voltage,

V5V01V1 sinvt, ~19!

they obtain

DE5~8eV1/3vd!~2eV0 /mi !
1/2, ~20!

whered is the sheath width. Kawamuraet al.6 further sim-
plify this equation to obtain

DE5~4eV1 /p!~t i /T!215~2eVpp/p!~t i /T!21. ~21!

Substituting the peak-to-peak sheath voltage,Vpp52V1, and
t i from Eq. ~14!,

DE5~2eVpp/p!~t i /T!21

5~e/p!~2em* !1/4~J1 /mi«0!1/2Vpp
3/4f 21. ~22!

This equation is plotted as a dashed curve in Fig. 11~b!.
Agreement with measurements is fairly good fort i /T.1.
There, measured values ofDE do vary roughly as (t i /T)21,
as Eq.~22! predicts. Att i /T,1, however, Eq.~22! rapidly
diverges from the measurements. The ranget i /T.1 where
Eq. ~22! is valid roughly corresponds to frequencies grea
than 10–20 MHz. Experiments in capacitively coupled d
charges have also confirmed the inverse dependence oDE
on frequency in Eqs.~20!–~22! over a comparable frequenc
range,f >20 MHz.14

Equation ~22! predicts thatDE is proportional to the
inverse square root of the ion mass. Thismi

21/2 dependence
has been observed experimentally in low density discha
at frequencies of 13.56 MHz17,23 and 65 MHz.14 Close ex-
amination of theDE measurements in Fig. 10 shows th
they also roughly follow thisDE}mi

21/2 dependence, bu
only at frequencies greater than 10–20 MHz, i.e., att i /T
.1. Below 10–20 MHz, the dependence ofDE on mi be-
comes weaker until, at 1 MHz and below,DE becomes es-
sentially independent of ion mass. At some intermediate
quencies between 1 and 10 MHz,DE for the heavier ions
still roughly obey Eq.~22!, but the lighter ions do not. Simi
lar results were observed in an Ar/C4F8/O2 discharge with rf
bias at 2 MHz, where themi

21/2 dependence was observe
for heavier ions, but a weaker dependence was seen
lighter ions.18 Sometimes, if a mass spectrometer is n
available, an assumedDE}mi

21/2 dependence is used t
identify the ionic species that contribute to each peak
mass-integrated IEDs.19,41 But this practice is only recom
mended atf .10 MHz or t i /T.1, where theDE}mi

21/2

relation is valid.
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A final analytic equation forDE can be obtained using
the ‘‘effective potential’’ method of Ref. 9. For each ion
species, an effective potential,Vi , can be defined by the
equation

]Vi /]t52v i~xB!~Vi2V!. ~23!

This equation states thatVi is a damped version of the tru
potential,V, and the characteristic frequency of the dampi
is just the ion plasma frequency,v i , which we have chosen
to evaluate at the Bohm point,xB, as in Eq.~17!. Each ion is
assumed to be in equilibrium withVi , and thusDE is equal
to the peak-to-peak amplitude ofVi . For sinusoidalV(t), we
solve Eq.~23! for Vi(t) and use Eqs.~15! and~17! to obtain

DE5eVpp$11@v/v i~xB!#2%21/2

5eVpp@11~2.25t i /T!2#21/2. ~24!

A result nearly identical to this equation has been obtain
by Charleset al. ~Eq. 18 of Ref. 4! from an analytical fit of
numerical model results.

In Fig. 11, Eq.~24! is plotted as a solid curve. The curv
agrees rather well withDE measurements over the enti
range ofv/v i . In the low frequency limit,v/v i!1, Eq.
~24! approaches Eq.~18!. Like Eq. ~18!, Eq. ~24! slightly
overestimatesDE for the lowest frequencies because
broadening effects discussed above. In the high-freque
limit, v/v i@1, Eq.~24! becomesDE5eVppv i /v, which is
identical to Eq.~22!, except for a constant multiplicative
factor. Comparison of Figs. 11~a! and 11~b! shows that Eq.
~24! provides predictions forDE over the entire frequency
range, fromv/v i!1 to v/v i@1, that are nearly as accura
as the numerical sheath model. The effective potential mo
does not, however, account for the time-variation in ion c
rent and its effect on peak intensities and average ion e
gies. For those parameters, the numerical sheath m
yields more accurate predictions.

VI. CONCLUSIONS

By combining ion energy measurements with capacit
probe measurements of sheath voltage and Faraday cup
surements of total ion current density, rigorous tests of mo
predictions for ion energy distributions have been perform
The numerical sheath model tested here was found to
accurate predictions for ion energy distributions and th
dependence on rf bias frequency, sheath voltage, ion cur
density, and ion mass. Only a few rather unimportant diff
ences between model and measured IEDs were seen.

Measured IEDs as well as model IEDs show three d
ferent types of behavior over different ranges of frequency
of t i /T, the ratio of ion transit time to rf bias period. A
frequencies below about 1 MHz, wheret i /T,0.1, the ions
can be considered to cross the sheath instantaneously. W
this low-frequency range, the ion energy distributions do
depend on total ion current density or ion mass; they dep
only on the sheath voltage wave form. Two peaks are
served in the distributions. Except for small shifts due
broadening effects, the peak energies are equal toeVmin and
eVmax, and the width of the IED is equal toeVpp, where
Vmin , Vmax, andVpp are the minimum, maximum, and pea
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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to-peak sheath voltage. The average ion energy is given
eV0, whereV0 is the average sheath voltage.

In an intermediate range of frequencies, at 1 M
,f,10 MHz, or 0.1,t i /T,1, there are still two peaks in
the IEDs. However, the lower-energy peak is shifted up fr
eVmin , the higher-energy peak is shifted down fromeVmax,
and the width of the distribution is less thaneVpp. In this
frequency range, the current and flux of ions arriving at
electrode surface varies with time during the rf cycle. T
oscillation in ion flux causes an increase in the intensity
the higher-energy peak relative to the lower-energy pe
The average ion energy and the total power absorbed by
are larger than the values (eV0 and J1V0! that would be
predicted if the ion flux were constant in time.

At frequencies above about 10 MHz, wheret i /T.1, the
IEDs become even narrower. For constant sheath voltage
IED width is proportional to the reciprocal of the frequenc
the square root of the total, time-averaged ion current d
sity, and the inverse square root of the ion mass. As
frequency is increased, the IED eventually narrows so m
that it is difficult to resolve the high-energy and low-ener
peaks; only a single peak is observed. The oscillation in
flux reaches a maximum at intermediate frequencies, i.e
t i /T'1, and then it rapidly becomes insignificant att i /T
.1. Thus at high frequencies the average ion energy is a
simply equal toeV0.

Some simple analytic models give rather accurate p
dictions for IED width across the entire frequency rang
They do not, however, predict the changes in peak intens
and average ion energy seen at intermediate frequencie
predict such effects requires a model that allows the ion
to vary with time, like the numerical model tested here. F
ther study of the intermediate frequency range would
worthwhile, either at high sheath voltages, which we w
not able to obtain in this study, or at low sheath voltag
where the model’s treatment of the plasma/sheath boun
may need improvement. Further studies performed at hig
pressures, where ion collisions in the sheath become im
tant, would also be worthwhile, and would allow testing
collisional models.
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